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Microwave Photonic Pulse Generation With High
Transfer Rate and Precision Pulse Width by Partly
Temporally-Overlapped Photon Echo Excitation

Xiangrong Wang , Shuanggen Zhang, Jinlei Liu, and Shumin Wang

Abstract—Microwave photonic pulse generation has intrinsic
high speed and large bandwidth, and it can overcome the sampling-
rate limitation in the electrical domain. Herein, we propose a partly
temporally-overlapped photon echo scheme to generate microwave
pulses with a high data transfer rate and precision pulse width.
The partly overlapped chirped control pulse has the same chirped
rate segments but different time delays. The time delay between
the segments and the number of segments can be adjusted to
achieve a controllable multipulse photon echo train. We developed
a theoretical model based on the photon echo process and per-
formed simulations to obtain nonlinear chirped periodic spectral
grating in a Tm3+:YAG crystal and gave the time delay provided
by the spectral grating to the probe pulse at different instanta-
neous frequencies. We further generated pulse code modulation
signals to verify the performance of the target signal. The proposed
signal-generation scheme has potential applications in microwave
photonics and modern radar systems.

Index Terms—Photon echo, spectral grating, optical arbitrary
waveform generators, rare-Earth-doped crystal.

I. INTRODUCTION

PHOTONIC generation of microwave waveform signal has
recently become an engaging research area due to its

utilization in optical communication and all-optical microwave
signal processing systems [1]–[4]. The optical arbitrary wave-
form generators (OAWGs) offers high speed, low complexity
and low power consumption at high bandwidths compared to its
electrical counterpart [5]. Optical arbitrary signals can be con-
ventionally generated by direct space-time (DST) pulse shaping,
temporal pulse shaping (TPS) based on Mach–Zendel modulator
and dispersive elements, spectral shaping, and frequency-to-
time mapping [6]–[8]. Nevertheless, the above methods usually
generate time-bandwidth products from a few tens to a few
hundred. At present, an arbitrary signal generation scheme based
on photon echoes can generate several narrow photon echo
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Fig. 1. Pulse sequence configuration of temporally partly overlapped photon
echoes.

pulses with controllable amplitudes and intervals by incident
multiple probe or control pulses to compose the target signal
[9]–[12]. With the large inhomogeneous broadening absorption
line of tens of GHz provided by Tm3+:YAG crystals, the time-
bandwidth product can reach 105 [13], however, it employs a
frequency shift to generate a photon echo train, which reduces
the subpulse-width accuracy. Herein, we proposed the optical
synthesis of microwave signals via photon echo pulse train with
the variable amplitude and adjustable time delay generated by
partly temporally-overlapped excitation and segmented control
pulses, which can offer high precision subpulse width of photon
echo signals while maintaining a high data transfer rate and
provides a more flexible bandwidth consumption.

II. PRINCIPLE AND THEORETICAL DESCRIPTION

A different optical synthesis scheme of microwave signals
is proposed. The pulse sequence based on a segmented control
pulse employed to generate multiple compressed photon echoes
is shown in Fig. 1, where the reference and control chirp pulses
are temporally partly overlapped. However, they have different
chirp rates and initial frequencies of α1, f1, and α2, f2, respec-
tively. The Tm3+:YAG crystal is excited by the two chirped
pulses, whereas a spectral grating with a nonlinear chirped
periodic structure is engraved in its inhomogeneous broadening
absorption line, which provides a different time delay τD(f)
at different instantaneous frequency components of the input
chirped probe pulse to form a compressed photon echo with a
time-width τe. Furthermore, τe is approximately equal to the
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reciprocal of the bandwidth B, which is the frequency-domain
overlapping of the three pulses. Compared with the frequency
shift scheme in Ref. [9] and [13], the proposed photon echo
scheme can achieve a variable echo pulse width τe by adjusting
the bandwidth of the corresponding segment of the control
pulse. And to generate a compressed photon echo, the chirp
rate of the pulse sequence must conform to the relationship
α3 = α1 α2/(α2 − α1), where α3 is the chirp rate of the probe
pulse. Notably, the inhomogeneous broadening absorption line
bandwidth limits the maximum overlapping bandwidth, i.e.,
Bmax ≤ Binh. For Tm3+:YAG crystal Binh ≈ 40 GHz. The
light-dashed line in Fig. 1 represents the extension of the instan-
taneous frequency.

The reference, segmented control, and probe pulses are ex-
pressed by (1)–(3), respectively, whereAn, (n = 1, 2, 3) is the
amplitude.
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The spectral grating G(f) can be expressed as G (f) =
E∗

1(f)E2(f) from the Fourier transform of (1) and (2). As
the probe pulse interacts with the crystal, each instantaneous
frequency component has a time delay τD(f) = f(1/α2 −
1/α1)− f2/α2 + f1/α1 provided by the spectral grating,
which acts as a filter. The delay makes all the frequency
components simultaneously leave the spectral grating to form
compressed photon echoes. However, the case is different when
using segmented control pulses. The time delay provided to the
probe pulse by the spectral grating formed by the first segment
control pulse remains τD(f), but that provided by the second
and third segments is τD(f) + Δτs1 and τD(f) + Δτs2, respec-
tively. Based on the three time delays, we obtain the time inter-
val for each photon echo Δ τe1 = τD (f) + Δτs1 − τD (f) =
Δτs1and Δ τe2 = τD (f) + Δτs2 − τD (f) = Δτs2. It is
worth noting that τD(f) + Δτsk(k = 0, 1, 2, . . . , n, Δ τs0 =
0) should be less than the transverse relaxation time T2 =
10μs of the Tm3+:YAG crystal. By applying segmented con-
trol pulses, photon-echo pulse width errors caused by fre-
quency shifts generating multiple compressed pulses can be
prevented. The three compressed photon echoes with differ-
ent time delays can be expressed by (4)–(6), which are ob-
tained from the Fourier inversion of G(f)E3(f). In these
equations, fc1 = f1 +B/2 , fc2 = f1 +B +B/2 = f1 +
3B/2, fc3 = f1 + 2B +B/2 = f1 + 5B/2, and En(f) is
the Fourier transform of En(t), (n = 1, 2, 3).
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Fig. 2. Schematic of generating multiple compressed photon echoes. ECDL:
external cavity diode laser; AWG: arbitrary waveform generator; AOM: acousto-
optic modulator; BS: beam splitter; PD: photodetector.
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The general photon echo is expressed by (7), where
fci = f1 + (i− 1)B +B/2, i = (1, 2, 3, . . . , n),Δτs0 = 0,
and Ecp1 represents the first photon echo.
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Fig. 2 shows the schematic of the proposed photon echo
scheme, which indicates the time sequence, modulation method
and directional relationship between E1(t), E2(t) and E3(t) in
the simulation process. The red and blue lines indicate the optical
and electrical paths, respectively. AWG, AOM1, and AOM2
modulate the two beams generated by ECDL1 and ECDL2 to
produceE1(t) andE2(t)with chirp rateα1 andα2, respectively.
When E1(t) and E2(t) are focused onto the cryogenically
cooled Tm3+:YAG crystal at a certain angle, spectral grating
is generated in the inhomogeneous broadening absorption line.
Then, E3(t) with a chirp rate α3 is generated by AWG, AOM1,
and ECDL1. As the probe pulse is focused onto the crystal after
a short time delay, the photon echo signal is detected by PD and
displayed by the scope. The direction relationship between the
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Fig. 3. Incident pulse waveform of photon echo scheme based on segmented
control pulses: (a) Reference pulse; (b) Segmented control pulse; (c) and (d)
Enlarged images of the areas in the green dotted line frame in (b). The interval
between the first and second segments is 2 ns, and that between the second and
third segments is 6 ns. (e) Probe pulse.

three incident pulses and the photon echoes is represented in the
subplot of the dashed box in Fig. 2.

III. PERIOD OF SPECTRAL GRATING AND TIME

INTERVAL CONTROL

The period of spectral grating determines the time delay
provided to the detection pulse. Following the signal genera-
tion procedure (Fig. 1), we generated three compressed photon
echo signals with intervals Δ τe1 = 2ns and Δ τe2 = 6ns to
obtain and analyze the structure of the spectral grating. The
waveforms of the incident pulse sequence are shown in Fig. 3.
In particular, the control pulse takes the form of segments and,
according to the equation Δ τs = Δτe, we have Δ τs1 = 2ns
and Δ τs2 = 6ns. E1(t), E2(t) and E3(t)used in the paper
have normalized magnitudes, i.e., A3 = A2 = A3 = 1. We set
B = 5 GHz, and the durations of the temporally partly over-
lapped linear frequency-chirped pulses are 371.29 and 375.43,
and 15 μs for the probe pulse, respectively. The chirp rates
of the three pulses are α1 = 4.04 × 1013Hz/s, α2 = 4 ×
1013 Hz/s, α3 = 1 × 1015 Hz/s, with the start frequencies
f1 = 80 MHz, f2 = 63 MHz, and f3 = 15.08 GHz, re-
spectively. In practical situations, the chirp rates can be achieved
by an external cavity diode laser (ECDL) with a tunable range
up to tens of GHz.

Fig. 4(a) shows the spectral grating generated in the
Tm3+:YAG crystal by temporally partly overlapped linear
frequency-chirped pulses shown in Figs. 3(a) and (b). In
Figs. 4(b)–(g), the period of the spectral grating decreases from
2.35 to 241.2 kHz with as the instantaneous frequency in the
form of a nonlinear chirp increases. Conversely, because the
time delay τD(f) provided by spectral grating is the reciprocal
of the grating’s period at f , τD(f) increases as the period
decreases.

The red line in Fig. 5 shows the nonlinear chirped structure of
the spectral grating period with abrupt changes at 5.08 and 10.08
GHz. With the abrupt change, we could achieve multiple com-
pressed photon echoes using a single segmented control pulse,
which could only be produced with multiple frequency-shifted
control or probe pulses in previous designs. Moreover, the data
on the blue line are obtained from the reciprocal of the data of
the red line, and the two abrupt changes of 2 and 6 ns obtained
at 5.08 and 10.08 GHz correspond to Fig. 4(h).

IV. PULSE CODE MODULATION SIGNAL GENERATION BASED

ON SEGMENTED CONTROL PULSE

The temporally arbitrary pulse shapes can be synthesized via
programming the amplitude and time delay of the subpulse
train generated by the proposed photon echo scheme. As one
of the essential coding methods in digital communication, pulse
code modulation (PCM) signal is an appropriate target signal to
manifest the unique advantages of the optical synthesis scheme
of microwave signals. PCM signals are precisely binary se-
quences obtained by sampling, quantizing, and encoding dis-
crete intervals of analog signals [14], [15]. Suppose the data of
a PCM signal is a = {a1, a2, . . . , an}, then each segment of
the control pulse is used to generate ak, (k = 1, 2, 3, . . . , n),
and the first segment of the control pulse is used to determine
the beginning time of the photon echo. The time delay between
the first and the kth pulse is given by

Δ τk = k · τe =
k

B
(8)

As shown in Fig. 6, a PCM signal (0, 0, 1, 1, 1, 0, 0, 1,
0, 1, 0, 0, 0, 1, 0, 1) with a transfer rate of 5 Gbit/s, a time
width of 4 ns and a bandwidth of 40 GHz with an 80 MHz
starting frequency is produced with the configuration described
in Fig. 1. τe of each photon echo pulse in the PCM signal is
0.2 ns. The reference and control pulse durations are 0.9901
and 1.00044 ms, respectively, and that of the probe pulse is
40 μs. The data show that seven compressed photon echo should
be produced on behalf of the “1”, and a positioning photon
echo is needed to determine the starting position of the sub-
pulse train. Then, the interval Δτk between the first and the
seven compressed photon echoes is 0.6, 0.8, 1, 1.6, 2, 2.8,
and 3.2 ns, respectively, according to (7). Therefore, setting
the bandwidth of each section of the control pulse to 5 GHz,
the total bandwidth of the eight sections is 40 GHz. The chirp
rates of the pulse sequence are α1 = 4.04 × 1013Hz/s, α2 =
4 × 1013 Hz/s, and α3 = 1 × 1015 Hz/s, respectively, and
the starting frequencies are f1 = 80 MHz, f2 = 63 MHz,
and f3 = 40.08 GHz.

The data transfer rate in a signal generation system is an
important performance parameter. Fig. 7 shows the change in the
data transfer rate of PCM signal with the number of segments at
different bandwidth limits. The data transfer rate is proportional
to the bandwidth and inversely proportional to the number of
generated pulses. Although the data transfer rate decreases as
the number of pulses increases, the individual data lines con-
verge at ∼1 Gbit/s. However, as the inhomogeneous broadening
absorption line provided by the crystal material increases to
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Fig. 4. Spectral grating structure and generated photon echo pulses: (a) Structure of the entire spectral grating. (b)–(g) Changes in the period of the spectral
grating when the beginning and end of each segment of the spectral grating are magnified. When the detection pulse shown in (e) is incident on the crystal of the
spectral grating, as shown in (a), in the inhomogeneous broadening absorption line, the photon echo signal as shown in (h) is obtained. The delay between pulses
is 2 ns and 6 ns, respectively.

Fig. 5. Spectral grating period and the time delay it provides versus instanta-
neous frequency.

Fig. 6. Simulation for the PCM signal with data sequence of
“0011100101000101”: (a) Target PCM signal; (b) Generated PCM signal.

Fig. 7. Data transfer rate versus the number of segments at different bandwidth
limits.

hundreds of GHz, the data transfer rate of the signal generated
by this scheme increases, reaching tens of Gbit/s.

Fig. 8 compares the echo pulse width errors of the segmented
and frequency-shifted models [9] (red and black data points,
respectively) in generating a photon echo train with τe ≈ 1/B
of 5 ns and Δτe of 15 ns. The frequency shift model generates
multiple echoes by frequency shifting Δf = α2 Δτe of the
control pulse which reduces the overlap bandwidth B of E1(t),
E2(t), E3(t) and therefore increases the echo pulse width. In
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Fig. 8. Pulse width versus the number of photon echoes by the segmented
control pulse compared to the frequency-shift method.

the case of the frequency-shifted model, with an increase in
the number of photon echoes, the pulse width increases from
5 to 5.4 ns. In order to generate the second photon echo, the
control pulse frequency shiftΔf is required, and the overlapping
bandwidth B

′
= B −Δf . Then, the pulse width of the second

compressed photon echo τe2 ≈ 1/(B −Δf). If the frequency
shift between each control pulse is the same, the pulse width
of the nth compressed photon echo τen ≈ 1/(B − (n− 1)Δf).
Hence, the error value is τen − τe1. According to the function,
the more the compressed photon echoes generated, the greater
the error of the pulse width in the frequency shift model. How-
ever, different to Ref. [9] and [13], the proposed optical synthesis
scheme of microwave signals has the capability to eliminate the
subpulse width errors caused by frequency shifts, since the partly
temporally-overlapped excitation and segmented control pulses
are applied and the overlapping bandwidth of each segment is
the same. The theoretical analysis and simulation results given
in the paper verified the excellent performance of the proposed
optical synthesis scheme of microwave signal.

V. CONCLUSION

Herein, we developed a microwave photonic-pulse generation
method based on partly overlapping photon echo with a high bit
rate and precision pulse width. The variable time delay Δτe
between multiple compressed photon echoes is determined by
the segment delay Δτs of the partly overlapping chirped pulse;
thus, a pulse train is achieved. Considering the partly overlapping
chirped-pulse configuration, we developed a theoretical model
based on the photon echo process and simulated the model to
obtain chirped periodic spectral grating in a Tm3+:YAG crys-
tal. Different time delays were obtained at different frequency
components provided to the input chirped pulse. We obtained
a PCM target signal, which achieves a data transfer rate of the

magnitude of Gbit/s and maintains a nearly error-free subpulse
width. Notably, the echo efficiency may need to be optimized in
the practical experiment to achieve the synthesized waveforms
as expected. Also, waveform deterioration may also occur under
a fast chirp rate [17]. The signal generation scheme may offer
potential applications in ultra wide band (UWB) communication
owning to the large bandwidth and high transfer rate. The method
would pave a way for signal generation in microwave photonics
and modern radar systems.
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